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Probing the uniaxial strains in MoS2 using polarized Raman spectroscopy: A
first-principles study
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Characterization of strain in two-dimensional (2D) crystals is important for understanding their
properties and performance. Using first-principles calculations, we study the effects of uniaxial
strain on the Raman-active modes in monolayer MoS2. We show that the in-plane E
′ mode at 384
cm−1 and the out-of-plane A′1 mode at 403 cm
−1 can serve as fingerprints for the uniaxial strain in
this 2D material. Specifically, under a uniaxial strain, the doubly degenerate E′ mode splits into two
non-degenerate modes: one is E′‖ mode in which atoms vibrate in parallel to the strain direction, and
the other is E′⊥ mode in which atoms vibrate perpendicular to the strain direction. The frequency
of the E′‖ mode blue-shifts for a compressive strain, but red-shifts for a tensile strain. In addition,
due to the strain-induced anisotropy in the MoS2 lattice, the polarized Raman spectra of the E
′
‖
and E′⊥ modes exhibit distinct angular dependence for specific laser polarization setups, allowing for
a precise determination of the direction of the uniaxial strain with respect to the crystallographic
orientation. Furthermore, we find that the polarized Raman intensity of the A′1 mode also shows
evident dependence on the applied strain, providing additional effective clues for determining the
direction of the strain even without knowledge of the crystallographic orientation. Thus, polarized
Raman spectroscopy offers an efficient non-destructive way to characterize the uniaxial strains in
monolayer MoS2.
I. INTRODUCTION
Two-dimensional (2D) materials exhibit a wealth
of unusual and fascinating properties, and have be-
come the focus of extensive studies since the discov-
ery of single-layer graphene.1–6 Semiconducting tran-
sition metal dichalcogenides such as MoS2 have at-
tracted particular attention in recent years.6,7 Sim-
ilar to graphene, atomically thin MoS2 layers have
been successfully obtained using mechanical exfoliation
method.8,9,26 Monolayer and few-layer MoS2 exhibit
many intriguing physical properties, including a direct
optical band gap of about 1.8 eV in the visible range,8,9
strong photoluminescence and electroluminescence,8–12
and reasonably high mobility.13,14 Several studies have
also shown that monolayer MoS2 exhibits large exciton
and trion binding energies,15–19 valley selective circu-
lar dichroism,20–22 inversion symmetry breaking together
with spin-orbit coupling,23 valley polarization,24 and val-
ley Hall effect.25 These properties make MoS2 promising
for next-generation nano-electronics,26,27 photonics,28
photovoltaics,29 and valleytronics.20–22 In fact, field-
effect transistors based on MoS2 have shown a room-
temperature electron mobility close to that of graphene
nanoribbons, with a current on/off ratio up to 108.26,30–34
A CMOS inverter using few-layer phosphorene as the
p-channel and MoS2 as the n-channel was recently
demonstrated.35 Building blocks of digital circuits con-
taining MoS2, such as logic gates, static random ac-
cess memory devices, and ring oscillators have been
realized.30,36,37
Samples of 2D material prepared by exfoliation or
epitaxial growth are known to contain inhomogeneous
strains that can significantly affect their performance in
nanodevices.29,38–41 Determining the magnitude and spa-
tial direction of these strains is important in recognizing
the effects of the strain and in implementing strain en-
gineering. Strain engineering has been shown by several
studies to be an effective approach to tune properties of
nanomaterials for applications.29,38–46. It is particularly
effective for 2D crystals such as MoS2 because these ma-
terials can sustain much larger strains to even greater
than 11%.42,47,48 It has been demonstrated that the elec-
tronic energy band gap of monolayer MoS2 can be further
tuned by applying strains.29,42 Methods of strain map-
ping are hence important in the study of semiconductors
and their applications to nanodevices.
The most common methods used to visualize strain
are based on electron microscopy, X-ray scattering or
neutron diffraction.49 These techniques have disadvan-
tages that they either can alter the sample or have lim-
ited spatial resolution. Non-invasive strain mapping is
realized by methods such as fluorescence, infrared, or
Raman spectroscopy.49,50 In particular, Raman spec-
troscopy provides an excellent way to study characteris-
tics of materials in a non-destructive way.51–66 Monolayer
MoS2 is characterized by two Raman-active modes: the
in-plane E′ mode at 384 cm−1 and the out-of-plane A′1
mode at 403 cm−1.67–72
Distortions on the lattice change the restoring forces
between atoms, and thus affect the vibrational mode
frequencies. By probing the changes in the vibrational
modes through Raman spectroscopy, it is possible to tell
whether a compressive or tensile strain is present. How-
ever, more detailed knowledge, such as directions of the
strain, is not easy to infer simply from the frequency
shift. This information could be useful to understand
delicate experimental data such as valley selective circu-
2lar dichroism.20–22
Polarized Raman spectroscopy has recently been
applied to investigate 2D materials, including crys-
talline orientations in ReS2 and strained graphene,
54,73
anisotropy of black phosphorus,74 and dichroism of he-
lical change in the light in MoS2.
75 In these materials,
the Raman intensities of specific modes are sensitive to
the crystalline anisotropy, which can be probed through
a certain laser polarization setup, i.e., the relationship
between polarizations of the incident and scattered laser
lights. It is therefore natural to expect that polarized
Raman spectroscopy could also be useful to provide in-
formation about the uniaxial strain directions in a lat-
tice, since this strain induces a small anisotropy between
directions parallel and perpendicular to the strain.
In this work, using first-principles calculations and an-
alytic derivations, we present a detailed study of the
relationship between the polarized Raman spectra and
the applied uniaxial strain in monolayer MoS2. We find
that the uniaxial strains applied in an arbitrary direc-
tion induce splitting of the in-plane E′ mode into two
non-degenerate modes: One is denoted by E′‖, in which
atoms vibrate parallel to the strain direction; the other
is denoted by E′⊥, where atoms vibrate perpendicular
to the strain direction. The E′‖ mode is very sensitive
to the strain, and blue-shifts (red-shifts) for compres-
sive (tensile) strain. Most interestingly, distinct from the
doubly degenerate E′ mode, the E′‖ and E
′
⊥ modes now
exhibit distinct dependence on the laser polarization an-
gle, thus providing an unambiguous way to characterize
the direction of the uniaxial strain. By analyzing the an-
gular dependence of the polarized Raman intensity and
the frequency shift, we can uniquely determine both the
magnitude and the direction of the uniaxial strain with
respect to the crystallographic orientation. Furthermore,
we find that the A′1 mode shows very interesting evolu-
tion of its intensity for specific polarization setups that
offers a unique way to determine the direction of an ar-
bitrary strain even without knowledge of the crystallo-
graphic orientation.
The paper is organized as follows. In Section II, we
will present the calculation details used in this work. In
Section III, results and discussions are presented. We
conclude our paper in Section IV.
II. CALCULATION DETAILS AND METHODS
Our calculations were performed using density func-
tional theory (DFT)76,77 and density functional per-
turbation theory as implemented in the Quantum
ESPRESSO (QE) code.78 Local density approximation
(LDA) in the Perdew-Zunger scheme was adopted and
norm-conserving pseudopotentials were employed to de-
scribe the core-valence interactions. The Kohn-Sham
equation was solved using a plane-wave cutoff energy of
70 Ry. The k-point sampling was set to be a shifted
12×12×1 grid. As shown in Fig. 1, the atomic plane of
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FIG. 1. (Color online) (a) Top view and (b) and (c) side views
of monolayer MoS2. The x, y and z axes have been shown in
each case. ~a and ~b are the primitive lattice vectors of MoS2,
while ~a1 and ~a2 are the lattice vectors of rectangular supercell
adopted to study the uniaxial strain. In this way, after the
application of the uniaxial strains εx or εy, the supercell can
be fully relaxed along another direction. Finally, the crystal
structure with the desired strain is obtained. From (a), the
atoms form a zigzag atomic chain along the x-direction, and
an armchair atomic chain along the y-direction.
Mo atoms is covalently bonded between two planes of S
atoms in a trigonal prismatic structure.79 From the top
view, we can see that the Mo and S atoms are arranged
in a hexagonal lattice.79 The primitive vectors are ~a =
(a0, 0, 0), ~b = (-a0/2,
√
3a0/2, 0), and ~c =(0, 0, c). To
simulate the monolayer, we took c = 10a0.
The unit cell of MoS2 was optimized using a 2D
variable-cell relaxation method, in which both the cell
dimensions and atomic positions were allowed to fully re-
lax. Our optimizations yielded a hexagonal lattice with
the lattice constant a0 = 3.134 A˚ for monolayer MoS2,
slightly smaller than the experimental value of 3.15 A˚ for
bulk MoS2.
72 This is also in good agreement with previ-
ous LDA result of 3.125 A˚.80 LDA tends to overestimate
covalent binding, and therefore it slightly underestimates
the lattice constant.
To simulate the MoS2 lattice with a uniaxial in-plane
strain, we first chose a rectangular unit cell as shown in
Fig. 1. The uniaxial strain εx or εy was applied along x-
or y-direction, respectively, by changing the correspond-
ing lattice vector to satisfy the following relations: εx
=
a′
1
−a1
a1
, and εy =
a′
2
−a2
a2
. For strains along arbitrary
directions, we changed the reference frame to a rotated
Cartesian coordinate system with the x′-axis along the
strain direction, chose a similar supercell on the crys-
tal lattice, applied the strain along the chosen arbitrary
direction, calculated the relaxed structure, and then re-
turned to the reference frame of the original Cartesian
coordinates for the subsequent calculations (as shown in
Fig. 2). Following the definition above, a negative ε de-
notes a compressive strain, while a positive value implies
a tensile strain. When a uniaxial strain was applied along
3x
y
30o
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FIG. 2. (Color online) The application of strain along an ar-
bitrary direction for monolayer MoS2. The rotated Cartesian
frame of reference with the x′-axis along the strain direction
is shown in blue. The rectangular supercell vectors are shown
in purple. After the application of strain in the x′-direction,
and allowing the relaxation along the y′-direction, the final
optimized lattice vectors are obtained (purple dashed arrows).
The changes in the vector positions are exaggerated, and are
much smaller with the 1% strain that we applied. The sym-
metry axes along 0◦, 30◦, 60◦, 90◦, 120◦ and 150◦ are shown.
The configuration of the atoms is zigzag along the 0◦, 60◦,
and 120◦ directions and is armchair along the 30◦, 90◦, and
150◦ directions.
one direction, the unit cell vector along the perpendicular
direction was allowed to fully relax until the correspond-
ing stress was below 0.5 kbar and the forces acting on
atoms were smaller than 0.02 eV/A˚. For example, with
each uniaxial strain applied in the x-direction, we ap-
plied the resulting x constraint to the structure, and then
used a variable-cell relaxation with the degree of freedom
only in the y-direction. We allowed the structure to com-
pletely relax with the necessary change in the y-direction
cell dimension. Then, based on the obtained cell dimen-
sions and atomic positions, we fixed the cell-dimensions
with only the atomic positions being allowed to move to
acquire the most energetically favorable positions. The
final stress data listed in Table I confirmed excellent re-
sults, with the final calculated stress only in x-direction.
For each strain in the y-direction, similar calculations
were carried out to determine the exact cell dimensions
and atomic positions of the final strained structure, again
with excellent stress results, as listed in Table I. After the
structure was fully relaxed, we calculated the vibrational
modes at the Brillouin zone (BZ) center (q = Γ point)
using density-functional perturbation theory as imple-
mented in QE.
The Raman susceptibility tensor for each mode was
obtained by calculating the first derivative of the polar-
izability tensor and the dynamic matrix. The equation
for the Raman intensity of the j-th phonon mode is given
by:81,82
TABLE I. The stresses on MoS2 lattice after relaxation.
Direction of ε Stress after relaxation (kbar)
the Strain x-component y-component
Intrinsic 0 -0.48 -0.48
x 0.02 -8.11 0.05
0.01 -4.45 -0.49
-0.01 4.16 0.39
-0.02 8.88 0.35
y 0.02 -0.17 -8.40
0.01 -0.48 -4.51
-0.01 0.35 4.04
-0.02 0.34 8.62
dσ
dΩ
= Nprim
ωs
4
c4Vprim
|gˆs · α(j) · gˆTi |2 ×
~
2ωj
(nj + 1), (1)
where ωs is the frequency of the scattered photon and ωj
is the frequency of the j-th phonon mode of the crystal.
Due to energy conservation, ωs = ωi ∓ ωj , where ωi is
the incident photon frequency, and the minus (plus) sign
applies to the Stokes (anti-Stokes) process. Vprim is the
volume of the primitive unit cell, Nprim is the number of
primitive unit cells in the sample, and c is the speed of
light. nj = (e
~ωj/kBT−1)−1 is the Bose factor of the j -th
phonon mode. gˆi and gˆs are the polarization unit vectors
of the incident and scattered light, respectively. α(j) is
the Raman susceptibility tensor.
Based on Eq. (1), we can write the following propor-
tionality relation for the Raman intensity of the j -th
mode:
I(j) ∝ |gˆs · α(j) · gˆTi |2, (2)
where gˆi and gˆs are the polarization unit vectors of the
incoming and scattered lights, respectively. The com-
ponents of the (3 × 3) symmetric Raman susceptibility
tensor α(j) associated with the j-th phonon mode are
computed as:81,82
ααβ(j) = Vprim
N∑
µ=1
3∑
l=1
∂χαβ
∂rl(µ)
eˆjl (µ)√
Mµ
, (3)
where χαβ = (εαβ − δαβ)/4π is the electric polarizabil-
ity tensor related to the tensor of dielectric constant εαβ ,
rl(µ) is the position of the µ-th atom along the direction
l,
∂χαβ
∂rl(µ)
is the first derivative of the polarizability tensor
over the atomic displacement, eˆjl (µ) is the displacement
of the µ-th atom along the direction l in the j-th phonon
mode, and Mµ is the mass of the µ-th atom.
81 From
the dynamic matrix at the BZ center, eˆj and ω2j are the
calculated eigenvectors and eigenvalues of the matrix, re-
spectively.
The Raman tensor was calculated according to Eq. (3)
based on the dynamical matrix and the electric polariz-
ability tensor output from QE. Then, for each Raman-
active mode, the Raman intensity was analyzed for a
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FIG. 3. (Color online) Three laser polarization setups consid-
ered in this work. Monolayer MoS2 is put on the xy-plane as
shown in Fig. 3. The wave vector of the incident laser light
is ~ki =(0, 0, 1¯), while that of the detected scattered light is
~ks =(0, 0, 1). (a) gˆi = (1, 0, 0), gˆs = (cos θ, sin θ, 0). (b)
Parallel setup: gˆi = gˆs = (cos θ, sin θ, 0). (c) Cross setup:
gˆi = (cos θ, sin θ, 0), gˆs = (cos(θ + 90
◦), sin(θ + 90◦), 0).
given laser polarization setup (gˆi, gˆs) and laser light
wavelength, which finally yielded a Raman spectrum af-
ter broadening. Since we are only concerned about the
relative intensities, the same laser light wavelength was
assumed.
Figure 3 shows three typical laser polarization setups.
In Fig. 3(a), the incident laser light is polarized along
x-direction: gˆi = (1, 0, 0). The intensity of the scat-
tered laser light is then probed as a function of angle θ
with respect to the fixed gˆi, i.e., gˆs = (cos θ, sin θ, 0). In
Fig. 3(b), the incident and scattered laser lights have the
same polarization unit vector, and both of them rotate
with the same angle of θ with respect to x-axis. This is
the so-called parallel polarization setup, which can also
be achieved by rotating the samples around the incident
laser beams instead. The third laser setup is the cross
polarization, as shown in Fig. 3(c). In this case, the de-
tected scattered light is always polarized perpendicular
to the incident light polarization direction. We focus on
laser polarization setup in Fig. 3(a) first. Then we discuss
the results for the other two polarization setups.
III. RESULTS AND DISCUSSIONS
A. Raman spectra for unstrained MoS2
Bulk MoS2 is characterized by two Raman-active
modes: doubly degenerate E12g mode at ∼382 cm−1 and
A1g mode at ∼407 cm−1.72 Note that these modes be-
long to E′ and A′1 representations for systems with odd
number of layers, respectively. For even number of lay-
ers, they change to Eg and A1g symmetries.
60 For our
monolayer system, these modes are denoted by E′ and
A′1, respectively.
For the unstrained MoS2 monolayer, there are 6 opti-
cal and 3 acoustic phonon modes at the BZ center. The
calculated phonon frequencies for the Raman active E′
and A′1 modes are 384 cm
−1 and 404 cm−1, in excel-
lent agreement with the experimental Raman data: ∼384
cm−1 for the E′ mode and ∼403 cm−1 for the A′1 mode.71
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FIG. 4. (Color online) Calculated Raman spectra for mono-
layer MoS2 as a function of θ for the laser setup shown in
Fig. 2(a). A 2.5 cm−1 Gaussian broadening has been applied.
The atomic vibration patterns for both E′ and A′1 modes are
depicted on the insets, respectively.
The E′ mode is doubly degenerate. When the symme-
try of the lattice is broken, this mode will split into two
non-degenerate modes. For strains applied in x- or y- di-
rections, these modes can be denoted by E′x mode (with
atoms vibrating along x-direction), and E′y mode (with
atoms vibrating along y-direction), as shown in the inset
of Fig. 4.
The calculated Raman spectra for monolayer MoS2 are
shown in Fig. 4, using the laser polarization setup as
shown in Fig. 3(a). A small Gaussian broadening has
been applied to smear out the Raman peaks. From Fig. 4,
the two peaks corresponding to E′ and A′1 modes can be
identified clearly. Notably, the intensity for the E′ mode
is constant and does not depend on the polarization angle
θ between gˆs and gˆi. In contrast, the intensity of the A
′
1
mode shows a sensitive dependence on the polarization
angle: it starts with the maximum value at θ = 0◦, and
then decreases with an increasing θ. The intensity of A′1
mode becomes nearly zero for θ = 90◦. This result is
in good agreement with previous Raman observations by
Wang et al.43, and with theoretical calculations by Liang
et al.81
The dependence of Raman intensity on the polariza-
tion angle θ can be understood based on the Raman ten-
sor for each mode. The calculated Raman tensors for the
E′x and E
′
y modes take the following forms, consistent
with those reported in the literature:83
α(E′x) =

 0 a 0a 0 0
0 0 0

 , (4)
5and
α(E′y) =

 a 0 00 −a 0
0 0 0

 . (5)
In the unstrained case, the E′ mode is doubly degenerate,
i.e., E′x and E
′
y modes have the same frequency. There-
fore, the calculated intensity will be the summation of
those from E′x and E
′
y modes, and the Raman tensor for
E′ mode reads:
α(E′) =

 a a 0a −a 0
0 0 0

 . (6)
Based on Eq. 2, for gˆi = (1, 0, 0) and gˆs = (cosθ,
sinθ, 0), the intensities of the E′x and E
′
y modes are pro-
portional to I(E′x) ∝ a2 sin2 θ, and I(E′y) ∝ a2 cos2 θ,
respectively. The total intensity of the E′ mode is then
I(E′) ∝ a2 sin2 θ+a2 cos2 θ = a2, which is constant and
does not depend on θ.
In contrast, A′1 is a non-degenerate mode, and the cal-
culated Raman tensor α(A′1) in Eq. (2) takes the well-
defined form, again consistent with the literature:83
α(A′1) =

 b 0 00 b 0
0 0 c

 . (7)
Assuming the laser polarization setup with gˆi = (1, 0,
0) and gˆs =(cos θ, sin θ, 0), the Raman intensity of this
mode is given by:
I(A′1) ∝
∣∣∣∣(cos θ, sin θ, 0)

 b 0 00 b 0
0 0 c



 10
0


∣∣∣∣
2
= b2 cos2 θ,
(8)
which strongly depends on the polarization angle. In par-
ticular, the intensity reaches maximum when θ = 0◦ and
becomes minimum when θ = 90◦. This analytical result
is in good agreement with the DFT calculations as shown
in Fig. 4(b). Our results are also in good agreement with
previous work by Liang et al.81
B. Raman spectra for MoS2 with uniaxial strains
along x or y axes
In this section, we turn to the Raman spectra for mono-
layer MoS2 under various uniaxial strains. The in-plane
uniaxial strain breaks the 3-fold symmetry of the crystal
lattice of MoS2. Consequently, the degenerate E
′ mode
splits into two different modes. When the strain is ap-
plied along x or y axes, the in-plane atomic vibrations
are either along x or y. Therefore, we denote the two
split modes as E′x and E
′
y modes, respectively (see insets
of Fig. 4).
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FIG. 5. (Color online) Evolution of the mode frequencies and
Raman intensities with (a) εx =-2% to +2% and (b) εy =
-2% to +2% in monolayer MoS2.
Figure 5 shows the evolutions of Raman spectra for
E′x, E
′
y, and A
′
1 modes as a function of the applied strain.
Clearly, one in-plane mode blue-shifts for the compres-
sive strain and red-shifts for the tensile strain, while an-
other in-plane mode remains almost unchanged. In con-
trast, the mode frequency of the A′1 mode is nearly con-
stant for all strains within ±2%. With the compressive
strain applied in the x-direction, the E′x mode frequency
increases, because the compression decreases the bond
length and therefore increase the restoring forces for the
parallel atomic vibrations. In contrast, the tensile strain
along x will decrease the restoring forces for the par-
allel vibrations, leading to a red-shift of the E′x mode.
These results are manifested in Fig. 5(a). For the strain
along y-axis, the frequency of the E′y mode behaves ex-
actly similar to the E′x: It blue-shifts with a compressive
strain but red-shifts with a tensile strain, while the E′x
mode frequency remains almost the same, as shown in
Fig. 5(b).
The frequency shift discussed above can be summa-
rized as follows: the mode with atoms vibrating parallel
to the strain direction is more sensitive to the strain,
and red-shifts (blue-shifts) with a tensile (compressive)
strain, while the mode with atoms vibrating perpendicu-
6TABLE II. The ratio of the Raman intensities of A′1 to E
′
x and
E′y modes versus strain in the x and y directions, respectively.
εx I(A
′
1)/I(E
′
x) εy I(A
′
1)/I(E
′
y)
-0.02 2.89 -0.02 2.89
-0.01 2.89 -0.01 2.07
0 1.35 0 1.35
0.01 0.96 0.01 1.03
0.02 0.78 0.02 0.78
lar to the strain direction is almost unchanged. Hereafter,
we denote these two modes E′‖ and E
′
⊥, respectively. Pre-
viously, these two split modes were denoted by E′+ and
E′− to indicate the upper and lower branches, which es-
sentially correspond to the E′⊥ and E
′
‖ modes, respec-
tively.
From our data, the shift in frequency is 2.8 cm−1/%
strain for E′‖ mode and is almost zero/% strain for E
′
⊥
mode for monolayer MoS2. Experimentally, Conley et
al.42 reported a shift of 4.5 ± 0.4 cm−1/% strain for the
E′− (E′‖) mode, while a shift of 1.0 ± 0.9 cm−1/% strain
for the E′+ (E′⊥) mode for monolayer MoS2. In contrast,
Wang et al.43 showed a shift rate of 2.5 ± 0.3 cm−1/%
strain for the E′‖ and 0.8 ± 0.1 cm−1/% strain for the E′⊥
mode. Our first-principles results are in excellent agree-
ment with their experimental data, as the calculated rate
lies within the margins of error in their measurements.
In Table II, we present the intensity ratio between the
A′1 and the most-shifted E
′
x (E
′
y) modes with the strain
applied in x (y) direction. Clearly, the ratio shows strong
dependence on the magnitude of the strain applied in
the lattice: It increases for compressive strains, while
decreases for tensile strains. Therefore, in addition to
the frequency shift, the intensity ratio between the out-
of-plane and the in-plane modes provides an additional
clue about the nature of the applied strain.
Comparing Figs. 5(a) and 5(b), the frequency shifts
are quite similar to each other, leading to undistinguish-
able Raman spectra for the uniaxial strain applied in two
different directions. Hence, from the Raman frequency
shift alone, it is impossible to identify whether the strain
is applied along x or y direction. In the following, we ex-
plore the method of identifying the strain direction using
the polarization dependence of the Raman intensity.
Figure 6 shows polar plots of the Raman intensity as a
function of θ for E′x, E
′
y and A
′
1 modes, respectively. The
polarization setup in Fig. 3(a) is adopted here. Intensities
of both in-plane modes and out-of-plane modes exhibit
a dumbbell-shaped dependence on the polarization angle
θ. For ε = 0, the two lobes of E′x and E
′
y modes orient
perpendicular to each other, while the Raman scattered
light appears to be mainly polarized at angles of about
65◦ and -25◦, respectively. In fact, the polarization of
scattered light from these two modes could be along ar-
bitrary directions due to the degeneracy of the E′ mode.
When a strain is applied along x or y directions, the two
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FIG. 6. (Color online) The change in the Raman intensity as
a function of θ with respect to the magnitude of strain in the
x and y directions. The polarization setup follows Fig. 3(a).
(a) The E′x mode, (b) the E
′
y mode, and (c) the A
′
1 mode
lobes of the in-plane modes point to x- or y- directions
accordingly. In particular, the two lobes of E′x mode align
along y direction, while the lobes of E′y mode are along
x direction, as shown in Fig. 6(a) and 6(b), respectively.
The light scattered by the E′x mode has the highest inten-
sity in the polarization direction of 90◦ (along y direction)
and the light scattered by the E′y mode has the highest
intensity in the polarization direction of 0◦ (along x di-
7rection). Clearly, the two in-plane modes exhibit distinct
angular dependence on the polarization angle. This find-
ing agrees very well with previous Raman work by Wang
et al..43
In Fig. 6(c), the angular dependence of the A′1 mode is
somewhat interesting. It shows similar dumbbell struc-
ture with the two lobes always pointing along x-direction,
regardless of the applied strain direction. This is also con-
sistent with the observations for the A′1 mode reported
in Ref. [43]. We will discuss further other features of the
A′1 mode with different laser polarization setups.
Combining the polarization dependence of the Raman
intensity of the two in-plane modes, and the frequency
shift as shown in Fig. 5, it is now possible to distin-
guish the strain direction. When a compressive strain
is applied in the x-direction, the E′x mode will blue-shift
from the original frequency, while the frequency of the E′y
mode remains nearly unchanged. This also makes phys-
ical sense, as the strain in the x-direction should mostly
affect the frequency of the phonon mode with vibrations
in the x-direction. By a similar argument, we reach the
conclusion that the mode that is changing frequency with
the strain in the y-direction is the E′y mode.
To determine whether the strain is in the x- or y-
direction, we can measure the intensity of the most-
shifted Raman mode as a function of the polarization
angle, assuming we already know the crystallographic x-
direction, and the incident laser light is polarized along
the x-direction. For the laser polarization setup as shown
in Fig. 3(a), the scattered laser light from this mode will
polarize mostly perpendicular to the applied strain di-
rection. Namely, when the strain is applied along the x
direction, the E′x mode shifts. Therefore, the polarized
scattered laser light will show an angular dependence as
shown in Fig. 6(a). On the other hand, when strain is
applied along y, the E′y mode shifts and shows an angular
dependence as shown in Fig. 6(b). This is expected from
Eq. (2), and can be further explained using the Raman
tensors for the E′x and E
′
y modes. Hence, polarized Ra-
man spectroscopy provides a powerful tool to probe the
uniaxial strain in MoS2.
Based on Table II and Fig. 6, the magnitude and di-
rection of strain can also be determined by measuring
the ratio of the Raman intensity of the A′1 mode to the
intensities of E′x and E
′
y modes. A compression in the x-
direction causes the intensity of the A′1 mode to increase
and the intensity of the E′x mode to decrease, while a
stretch in the x-direction results in an opposite change.
Similarly, a compression in the y-direction causes the in-
tensity of the A′1 mode to increase and the intensity of the
E′y mode to decrease, while a stretch in the y-direction
has an opposite effect.
The above analysis is based on the assumption that
we already know the x-axis, so that we can fix the po-
larization unit vector gˆi along the x-direction for mono-
layer MoS2. In practice, it is difficult to achieve this
by using Raman spectroscopy alone. We, therefore, now
consider more general laser polarization setups as shown
in Figs. 3(b) and 3(c). Results are presented in Fig. 7.
Left column is for the parallel polarization setup, while
the right column is for the cross polarization setup. The
angular dependence of the two in-plane modes shows in-
teresting four-lobe structures with the maximum inten-
sity along directions n×45◦ (n=0-7). In contrast, the
out-of-plane A′1 mode exhibits distinct features: the Ra-
man intensity becomes negligible for the cross polariza-
tion (see Fig. 7(f)), while shows an evident dependence
on both the nature and direction of the strain applied
for the parallel polarization (see Fig. 7(c)). Such a dis-
tinct angular dependence of the out-of-plane A′1 mode
provides an even more useful fingerprint for determining
the uniaxial strain in MoS2.
The behavior of the angular-dependent Raman inten-
sity for the uniaxial strains along directions of the axes
of symmetry (x [zigzag] and y [armchair] directions) can
be understood based on their Raman tensors. Consider
the E′y mode first. For the strains applied along x or
y or any symmetry axis, the E′ mode will split into E′x
and E′y. The Raman tensor of E
′
y mode is expressed in
Eq. (5) above.
Assume the incident laser light is polarized along an
arbitrary φ direction with respect to x axis: gˆi = (cosφ,
sinφ, 0), the Raman intensity along the polarization di-
rection of θ will be:
I(E′y) ∝
∣∣∣∣∣∣
(
cosφ sinφ 0
) a 0 00 −a 0
0 0 0



 cos θsin θ
0


∣∣∣∣∣∣
2
(9)
= (a cosφ cos θ − a sinφ sin θ)2 = [a cos(φ+ θ)]2.
Clearly, for the incident light polarized in an arbitrary
direction φ, the polarization of the scattered light from
this mode would be in the −φ direction. For φ = 0◦, the
maximum of intensity will also be along 0◦, as shown in
Fig. 6(b). Similarly, we can derive the expression for the
E′x mode:
I(E′x) ∝
∣∣∣∣∣∣
(
cosφ sinφ 0
) 0 a 0a 0 0
0 0 0



 cos θsin θ
0


∣∣∣∣∣∣
2
(10)
= (a sinφ cos θ − a cosφ sin θ)2 = [a sin(φ+ θ)]2.
Therefore, for an incident light polarized in an arbitrary
direction φ, the maximum intensity of the scattered light
for the E′x mode will be polarized along θ = 90
◦ − φ.
When φ = 0◦, θ = 90◦, as shown in Fig. 6(a).
For the parallel setup shown in Fig. 3(b), gˆi = gˆs =
(cos θ, sin θ, 0), i.e., φ = θ. The Raman intensity of
the scattered light by the E′x and E
′
y modes are I(E
′
x) ∝
[a cos(2θ)]2, and I(E′y) ∝ [a sin(2θ)]2, respectively. The
intensity for the E′x mode reaches maximum when θ =
nπ/2, while it reaches maximum for the E′y modes at
θ = nπ/2 ± π/4, with n an integer. This explains the
four-lobe structures in Fig. 7 (a) and (b). Similarly, we
can derive the expressions that explain the behavior of
intensity with θ in Fig. 7 (d) and 7(e).
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FIG. 7. (Color online) The change in the Raman intensity as a function of θ with respect to the magnitude of strain in the x
and y directions for the parallel (left) and cross (right) polarization setups. (a) E′x mode, (b) E
′
y mode, and (c) A
′
1 mode.
For the mode A′1, using Eq. (2) and the A
′
1 Raman
tensor in Eq. (7), we will have the following expression
for the Raman intensity:
I(A′1) ∝
∣∣∣∣∣∣
(
cosφ sinφ 0
) b 0 00 b 0
0 0 c



 cos θsin θ
0


∣∣∣∣∣∣
2
(11)
= (b cosφ cos θ + b sinφ sin θ)2 = [b cos(φ− θ)]2.
Obviously, the maximum intensity occurs when θ =
φ. Thus, for an incident light polarized in an arbitrary
direction φ, the polarization of the scattered light for
mode A′1 will be in the same direction φ. For φ = 0
◦, the
maximum intensity will be along 0◦. This explains the
result in Fig. 6 (c).
To explain the results in Fig. 7 (c) and 7(f), we note
that with the application of the strain in the x− or y−
direction, the Raman tensor of the A′1 mode changed to
the following form:
α(A′1) =

 a 0 00 b 0
0 0 c

 , (12)
with a 6= b. For a compressive (tensile) strain in the x-
direction (y-direction), a is larger than b, while for a ten-
sile (compressive) strain in the x-direction (y-direction),
9a is smaller than b. The expression for the intensity of
the A′1 mode follows:
I(A′1) ∝ (a cosφ cos θ + b sinφ sin θ)2. (13)
With the polarization setup in Fig. 3(b), θ = φ. We
thus have:
I(A′1) ∝ (a cos2 θ+ b sin2 θ)2 = [a+(b− a) sin2 θ]2. (14)
Based on this expression, when b is more than a, the
maximum intensity occurs at θ = 0◦ and the minimum
intensity occurs at θ = 90◦. When a is more than b, we
have the opposite. This clearly explains the results in
Fig. 7(c) when the obtained Raman tensors in our data
are taken into account.
For the cross polarization setup in Fig. 3(c), θ = φ +
90◦; therefore, we will have I(A′1) ∝ [a cos(θ−90◦) cos θ+
b sin(θ− 90◦) sin θ]2 = (a− b)2 sin2(2θ)/2. From our data
|a − b| was about 10 times smaller that a and b. Thus,
the intensity with this setup would be smaller than the
intensity in Fig. 7(c) by a factor of about 100. That is
why we have the intensities of nearly zero in Fig. 7(f);
however, when we zoomed in on the point at the center,
we saw the minuscule four-lobe structures that incorpo-
rated the factor sin2(2θ) as expected from this derivation.
For all practical purposes, these intensities will not be ex-
perimentally detectable and therefore can be considered
zero.
Finally, we would like to mention that the two elements
of the Raman tensor for both E′x and E
′
y are slightly
changed by the strain, showing variations along x and
y. This introduces a small difference in the maximum
intensity along different directions, as shown in Fig. 7.
C. Raman spectra for MoS2 with uniaxial strains
along arbitrary directions
We now discuss the Raman spectra of MoS2 under a
uniaxial strain applied along an arbitrary direction. As
shown in Fig. 1, the monolayer MoS2 crystal lattice pos-
sesses point group symmetry of D3h.
59,63,80,81 The three
in-plane axes in the directions of 30◦, 90◦, and 150◦ with
respect to the x-axis are equivalent, and can be regarded
as along the armchair atomic chain direction. In con-
trast, the three axes along 0◦, 60◦, and 120◦ are along
the zigzag atomic chain direction (see Fig. 2). The only
physically non-equivalent directions are limited to 0◦ to
30◦. Below, we focus on the uniaxial strain between 0◦
to 30◦, using parallel laser polarization setup.
When strain is applied along any direction between 0◦
and 30◦, the E′ in-plane phonon mode will split into two
branches, one of which vibrates in the direction parallel
to the applied strain direction, and the other vibrates in
the direction perpendicular to the strain. This has been
shown for graphene in previous work.40 Our calculations
for several strain directions, including 0◦, 15◦, 25◦, and
60◦, confirm that this is also true for MoS2. Thus, for
a strain in an arbitrary direction, the vibrational modes
can no longer be considered pure E′x and E
′
y modes, in-
stead, we will denote them as E′‖ and E
′
⊥ modes.
We apply a 1% compressive strain in two arbitrary
directions: 15◦ and 25◦ with respect to the x-axis in
Fig. 1. We consider the parallel polarization setup only
(Fig. 3(c)). The frequency of the E′‖ mode blue-shifts for
a compressive strain, while red-shifts for a tensile strain,
similar to the results discussed in Section III (B).
The Raman intensities of E′‖, E
′
⊥ and A
′
1 modes versus
the angle θ are depicted in Fig. 8. The results for the
0.01 compressive strain along φ = 0◦ are also shown for
comparison. Clearly, intensities of the in-plane modes all
exhibit similar four-lobe structures as a function of the
angle θ, except that there is a small rotation with respect
to the x-axis for φ = 15 and 25◦. These directions have
been indicated in Fig. 8(B) and 8(C). For example, the
intensity of E′‖ mode reaches maximum at angle of 37.5
◦,
while that of E′⊥ mode is maximized along -7.5
◦.
To understand the calculation results, we first investi-
gate the Raman susceptibility tensor. The Raman sus-
ceptibility tensors for E′‖ and E
′
⊥ modes are found to
have the following forms, where φ is the direction of the
strain:
α(E′⊥) =

 cosφ sinφ 0− sinφ cosφ 0
0 0 1



 a 0 00 −a 0
0 0 0

 , (15)
and
α(E′‖) =

 cosφ sinφ 0− sinφ cosφ 0
0 0 1



 0 a 0a 0 0
0 0 0

 . (16)
For the parallel polarization, gˆi = gˆs = (cos θ, sin θ,
0). The strain is applied in the arbitrary direction φ in
the xy plane. For E′⊥ mode:
I(E′⊥)∝
∣∣∣∣( cos θ sin θ )
(
cosφ sinφ
− sinφ cosφ
)(
a 0
0 −a
)(
cos θ
sin θ
)∣∣∣∣
2
=
[a cos(θ + φ) cos θ − a sin(θ + φ) sin θ]2= [a cos(2θ + φ)]2.
(17)
Clearly, the maximum intensity occurs at θ =
−φ
2
and
90◦-
φ
2
.
For E′‖ mode:
I(E′‖)∝
∣∣∣∣(cos θ sin θ )
(
cosφ sinφ
− sinφ cosφ
)(
0 a
a 0
)(
cos θ
sin θ
)∣∣∣∣
2
=
[a sin(θ + φ) cos θ + a cos(θ + φ) sin θ]2= [a sin(2θ + φ)]2.
(18)
The maximum intensity occurs at θ = 45◦-
φ
2
and 135◦-
φ
2
,
in good agreement with numerical data shown in Fig. 8.
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FIG. 8. (Color online) The Raman intensity versus angle θ with the polarization setup gˆi = gˆs = (cos θ, sin θ, 0) for 0.01
compression strain in three directions: 0◦, 15◦ and 25◦.
Going from 0◦ to 30◦, when the strain direction angle
φ reaches 30◦ (which is one of the axes of symmetry of
the crystal), the Raman intensity of the E′‖ mode will
be maximum at 45◦ − 15◦ = 30◦, which is again in the
direction of the strain. In this E′‖ mode, atoms will vi-
brate along the zigzag direction. At the start at 0◦, the
E′‖ mode vibrates along the armchair chain direction.
The above results and analysis for the E′⊥ and E
′
‖
modes are in agreement with the previous work done
in graphene,40 and in MoS2
43. In Ref. 40, an effective
photon-phonon interaction Hamiltonian has been intro-
duced for the E2g mode:
Hint ∝ [(εixεsx − εiyεsy)uy − (εixεsy + εiyεsx)ux], (19)
where ε
i(s)
x , ε
i(s)
y are the Cartesian components of the elec-
tric field of the incident (scattered) light and ux, uy are
the phonon displacements in the (x, y) basis (where x
and y are the zigzag and armchair crystallographic di-
rections, respectively). Based on this, the intensities for
the two split in-plane phonon modes can also be derived.
The expressions are similar for graphene and MoS2 and
have the form:40
I(E′−) ∝ sin2(θi + θs + 3φ), (20)
I(E′+) ∝ cos2(θi + θs + 3φ), (21)
where φ is the angle of the strain axis with respect to
the crystallographic x-direction, and θi and θs are the
angles of the polarization directions of the incident and
scattered light with respect to the strain axis. In our
case, θi and θs are measured with respect to the crystal-
lographic x-axis, then 3φ needs to be replaced with φ in
Eqs. (20) and (21). Replacing θi = θs = θ in thus mod-
ified Eqs. (20) and (21) yields Eqs. (17) and (18), which
confirms our data and analysis.
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Interestingly, for the A′1 mode, we see that the min-
imum Raman intensity occurs at the direction of the
strain and the maximum intensity occurs at the direc-
tion perpendicular to it in all cases, as shown in the last
row of Fig. 8. To further understand this result, based
on Eq. (14), we expect that the expression for I(A′1) is
of the form:
[a+ (b− a) sin2(θ − φ)]2 (22)
for the above result to occur; where φ is the angle of the
direction of the strain with the x-axis. We also note in
our data that with the strain in the arbitrary direction,
the A′1 mode Raman tensor has the following form:
α(A′1)φ =

 a d 0d b 0
0 0 c

 . (23)
with d nonzero. Then, we ask by what matrix should we
multiply the A′1 Raman tensor given in Eq. (12) (the case
when the strain is along one of the axes of symmetry),
such that the resulting matrix would be the Raman ten-
sor in Eq. (23). We did the multiplication of the Eq. (12)
tensor by an unknown (3 × 3) matrix denoted TX , and
put the resulting tensor in Eq. (2) (with gˆi = gˆs = (cos θ,
sin θ, 0) for the setup in Fig. 8) to obtain the expression
for the intensity I(A′1). Then, we expanded Eq. (22),
and set the like terms equal. Taking into account the
observed form of the tensor in Eq. (23), this resulted in
three equations, which when solved gave our final un-
known matrix:
TX =


1
a (b sin
2 φ+ acos2φ) (a− b) sinφ cosφ 0
(a− b) sinφ cosφ 1b (a sin2 φ+ bcos2φ) 0
0 0 f

 .
(24)
Hence, we conclude that in the presence of strain in an
arbitrary direction φ with respect to the crystallographic
x-axis, the Raman tensor for the A′1 mode is of the fol-
lowing form:
α(A′1)φ = TX

 a 0 00 b 0
0 0 c

 . (25)
Therefore, the data for the A′1 mode uncovers a way to
determine the direction of strain by the angular depen-
dence of the intensity of the A′1 mode even in the absence
of a knowledge of the crystallographic orientation. Once
the strain direction is known using the information from
the A′1 mode, then it is possible to determine the crystal-
lographic orientation using the information from the E′‖
and E′⊥ modes. Remarkably, all of this can be achieved
by polarized Raman spectroscopy alone.
IV. CONCLUSIONS
Using first-principles calculations, we have shown that
a uniaxial in-plane strain breaks the symmetry of the
doubly degenerate E′ mode in monolayer MoS2, which
splits into two orthogonal branches. In one mode, atoms
vibrate parallel to the strain direction, denoted by E′‖.
In the other mode, atoms vibrate perpendicular to the
strain direction, denoted by E′⊥. Frequencies of these two
modes exhibit different dependence on the applied strain:
while the frequency of the E′⊥ mode is almost unchanged,
the E′‖ mode blue-shifts (red-shifts) for a compressive
(tensile) strain.
Due to the strain-induced anisotropy in MoS2 lattice,
the polarized Raman spectra of these two modes exhibit
distinct angular dependence, as both discussed by nu-
merical calculations and analytical derivations. For all
three typical laser polarizations, we have presented a de-
tailed analysis of the Raman intensity as a function of
polarization angle. Combining the frequency shift and
the angular dependence of the polarized Raman spec-
tra of these modes, not only the magnitude of the strain
can be probed, but also the strain direction could be de-
termined. Therefore, the polarized Raman spectroscopy
offers an efficient non-destructive way to probe the uni-
axial strains in monolayer MoS2. The polarized Raman
spectra can be carried out in the conventional Raman
measurement. Therefore, it is relatively straightforward
without any additional complexity. In this context, the
E′ mode is a fingerprint for the uniaxial strain in mono-
layer MoS2. However, it requires a knowledge of the crys-
tallographic orientation to determine the direction of an
arbitrary strain.
We show that the A′1 mode can provide an additional
piece of information that helps provide a complete solu-
tion. The angular dependence of the intensity for the A′1
mode is straightforward to further illustrate the strain di-
rection, particularly with the parallel polarization setup.
This information can be utilized to determine the direc-
tion of strain even in the absence of a knowledge of the
crystallographic orientation. Once the strain direction
is known, then the crystallographic orientation can also
be determined using the information from the E′ mode.
Remarkably, all of this can be achieved by polarized Ra-
man spectroscopy. We also show that the strain results
in a change in the ratio of the intensities of the A′1 mode
to the E′‖ or E
′
⊥ modes. These results provide an addi-
tional way to gauge the magnitude of the strain applied
in monolayer MoS2.
The conclusions of this work may be directly general-
ized to other semiconducting transition metal dichalco-
genides, such as WSe2, WS2, and MoSe2. The proposed
method may also be applicable to other 2D materials,
and therefore is general.
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